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Abstract : 

Some  of  the  advantages  and  disadvantages  of  chromium-base,  molybdenum 
disilicide,  nickel-alloy,  precious  metals  and  ceramic  oxidation  re¬ 
sistant  coatings  for  molybdenum  are  discussed  along  with  methods  used 
for  their  application.  2fce  restriction  of  the  use  of  the  coatings 
discussed  to  applications  involving  only  simple  shapes  is  pointed  out. 
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FOREWORD 


This  report  was  written  to  suoaarise  literature  an 
oea tinge  whioh  prevent  the  oxidation  of  molybdenun 
at  elevated  temperatures. 
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Many  types  of  high  tesperature  protective  coatings  for  molybdenum  are  available* 
The  epeoifie  coating  used  will  depend  on  the  type  and  duration  of  protection 
desired  er  needed. 

Chreaiua  based  eoatinfs  have  a  eederate  resistance  to  oxidation,  a  theraal  ex¬ 
pansion  factor  siailar  to  molybdenum,  but  tend  to  be  brittle.  Melybdenus 
disilieide  has  a  food  theraal  ooefficient  of  expansion  aateh  with  aolybdenua, 
and  has  excellent  oxidation  resistance,  however,  aolybdenua  disilieide  is 
extreasly  brittle.  Alloys  with  a  nickel  base  do  not  fit  as  well  with  the  theraal 
expansion  of  aolybdenua,  but  do  offer  food  bond  strenfths  and  aediua  oxidation 
resistance  up  to  2000°P.  Protective  coatings  nade  froa  precious  netals  offer 
food  oxidation  resistance,  a  ductile  bond,  and  theraal  expansion  fit.  However, 
their  costs  are  extreaely  high.  Ceramic  or  glass  type  coatings  can  be  custom 
designed  for  definite  operating  temperatures  up  to  25QO°F.  These  coatings  and 
rsfraotery  oxide  coatings  can  be  designed  to  give  a  good  theraal  expansion  aateh. 
Hardness,  brittleness  or  inherent  high  porosity  are  the  chief  drawbacks  of 
these  coatings. 

The  methods  used  to  apply  the  coatings  include  electrodeposition,  flaao  spray— 
inf,  vapor  deposition,  oladding,  enaaeling,  and  liquid  phase  diffusion.  A  duplex 
layer  of  niokel  over  chromium  tends  to  overcome  the  porous  nature  of  elsotro- 
depesited  coatings.  This  coating  is  still  weak  in  theraal  cycling.  Flaae  sprayed 
coatings  are  difficult  to  apply  to  hidden  areas.  Systeas  of  Ni-Cr-B,  Ni-Si-B, 
Al-Cr-Si  and  Mo-Si  are  quite  successful  when  applied  by  flaaespraying.  Vapor 
deposition  of  siliconised  and  ehroaised  coatings  have  shown  good  coverage  and 
uniformity  ef  thickness.  Claddings  are  only  applicable  to  staple  shapes,  but 
on  these,  cl*d  coatings  offer  good  protection  up  to  the  temperature  limit  of 
the  cladding.  Sprayed  enamel,  or  refractory  oxide  coatings  produce  dense  coatings, 
but  ones  that  are  brittle  and  difficult  to  keep  uniform  on  the  edges  and  corners* 
The  pro&iction  of  a  protective  coating  in  a  liquid  phase  has  not  been  as  practical 
as  ether  aethods. 


C  O  N  V  A  I  R 


analVM 
MCPAIttO  BY 
OHCCmOBY 
RCVIMDSV 


Pratt 

Shof f ner/Ks liar/ Su t  he r lan  d 


RAM  1 

REPORT  NO.  HP  $6-367 
mooku  R.E.A.  7036 
DATS  2$  June  1959 


imwumi 

Molybdenum  la  ona  of  tha  few  metals  having  a  very  high  malting  point,  Its  malting 
point  balng  4750°F.  It  has  good  strength  properties  at  temperatures  over  1.600°F 
as  shown  In  Figure  1.  However,  these  values  are  only  obtained  under  conditions  that 
prohibit  tha  formation  of  molybdenum  trioxide.  Molybdenum  rapidly  converts  to  the 
dioxide  and  triexlds  form  whan  heated.  The  oxide  coating  increase  follows  a  para- 
belle  curve  and  gives  some  self  protection  below  932°F.  Above  932°F,  the  trioxide 
begins  to  volatilise.  At  14l$°F.  the  volatilisation  equals  the  rate  of  formation 
of  the  trioxide.  Therefore,  except  for  short  periods  of  exposure,  molybdenum  is 
valueless  In  an  oxidising  atmosphere  over  932°F.  When  molybdenum  is  to  be  used 
over  932°P,  and  in  an  oxidising  atmosphere,  protection  must  be  applied  to  obtain 
the  full  capability  of  the  material. 

omsi 

This  inveatlgation  was  made  with  the  purpose  of  gathering  information  on  methods 
of  protecting  molybdenum  from  high  temperature  oxidation  and  to  suggest  possible 
courses  of  future  action. 


Any  coating  considered  should  fall  within  the  following  general  requirements! 

1.  Be  without  pinholes  or  porosity. 

2.  Nave  an  operating  life  of  at  least  500  hours  and  preferably  1000  hours 
at  1800 °F  to  2000®?. 

3.  Be  thermal  shock  resistant 

4.  Nave  an  impact  resistance  against  small  particles. 

5.  Be  erosion  resistant  against  combustion  gases,  sands,  metals  and  products 
of  oombustion. 

6.  Have  1%  -  2%,  ductility  at  1800°F. 

7.  Must  have  fatigue  strength. 

8.  Applicable  at  temperatures  below  the  recry stallisation  temperature  of 
molybdenum. 

9.  Not  interact  with  molybdenum  in  such  a  way  as  to  impart  brittleness. 

10.  Be  easy  to  apply  and  handle  before  bonding  to  base  metal. 

11.  Provide  an  acceptable  finished  surface. 
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aSSBMSg  BB  aSBESCg  CQATDQ6:  (Coat'd) 

9m  various  laboratories  working  on  this  problem  have  developed  methods  of  testing 
tor  sash  of  these  requi  laments.  (5) 

SWfflPTOga  m  PQigpio  areas: 

Chromiua: 

Costings  of  chromium  seem  to  offer  the  best  properties  sad  compatibility  with 
molybdenum.  The  smiting  point  of  chromium  sad  chromium- molybdenum  alloys,  3100*7, 
is  hltfi  enough  for  most  sppllcatlona.  The  thermal  expansion  fit  is  fair.  Thermal 
cycling  resistance  is  only  fair  because  the  chrome  becomes  embrittled  during  high 
tmparatiiis  service.  (10)  This  can  lead  to  serious  mechanical  defects  In  the 
molybdamua.  (8)  (30) 

end  Hckel  Based  Alloys: 

Unalloyed  nickel  has  good  resistance  to  MoO?  vapors,  and  forms  a  molybdate  which 
is  stable  up  to  the  eutectic  of  the  molybdentmi-nlckel  system,  2hOO*T.  This 
posting  has  poor  thermal  shock  resistance.  (2 6)  Nickel-chrome  alloys  have  better 
oxidation  resistance  than  unalloyed  nickel.  Nickel  coatings  have  bean  lip  roved  by 
being  coated  with  alnmtra.  (9)  Nickel  and  its  alloys  are  ductile  mod  stand  up 
well  to  ballistic  lspact.  Tbs  compound  formed  at  the  nickel-molybdenum  Interface 
is  brittle  and  asall  Mounts  of  nickel  tend  to  embrittle  the  molybdenum  Itself. 

(11)  (31) 

ailloon: 

The  elements,  ailloon,  boron,  beryllium  and  alvmlnun,  form  stable,  oxidation  resistant 
coatings  with  molybdamae.  (8)  The  greatest  protection  oomee  from  HoSlg  which  Is 
good  vp  to  3100-3300*7.  An  Impervious  layer  of  SiOo  forms  on  the  surface  to 
keep  out  the  oxygen.  This  Mo  SI2  layer  diffuses  w  R03SI2  and  then  to  Mo*31 
which  Is  not  oxidation  resistant.  This  diffusion  time  sets  the  service  Ilfs  of 
the  ooated  part.  Than  Is  a  good  thermal  expansion  match  between  the  Motto  and 
nolybdaous  and  this  contributes  to  good  thermal  shock  resistance.  Below  1500*7 
the  ooatlng  Is  brittle,  but  at  2700*7,  is  fairly  ductile  and  will  exhibit  some  self 
healing  as  tbs  molten  silica  bridges  defects.  (8) 

gracious  Metals: 

Little  time  has  bean  spent  on  the  development  of  protective  postings  from  prmolous 
metals.  Irldiua,  rhodivxn  and  platlmaa  have  a  coefficient  of  expansion  that  la 
very  favorable.  They  are  extremely  oxidation  resistant  and  axe  ductile.  The 
msager  work  with  these  costings  seems  to  indicate  that  a  eervice  life  of  several 
thousand  hours  at  2200*7  night  be  possible.  (29)  (37) 
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CHARACTERISTICS!  OF  COATING  SI3TEM3I  (Continued) 

filMi  Coatings! 

Coatings  of  glass  art  oxidation  rasistant  and  ars  self  healing  at  high  tarn per at ura. 
However,  brittleness  and  poor  thermal  shook  resistance  are  major  drawbacks  to 
glass  coatings*  This  type  of  ooating  can  be  made  to  have  a  olose  match  in  thermal 
expansion.  Attention  must  be  paid  to  the  melting  temperature  of  the  glass  or 
difficulty  will  be  encountered*  Toe  low  a  melting  temperature  will  cause  the  glass 
to  flow  away  leaving  bare  molbydenum  while  too  high  a  melting  temperature  will 
prevent  the  glass  from  self  healing  small  defects.  (27)  (28) 

Baftifltanr,  Mflssi 

Two  major  advantages  are  present  when  refractory  oxides  are  considered*  They 
exhibit  good  resistance  to  erosion  or  abrasion,  and  have  insulation  properties 
greater  than  metals.  In  thin  lsyers,  coatings  of  ZrC2,  BeO,  and  AI2  O3  have  good 
thermal  shook  adhere  nos  but  in  thick  layers  are  subject  to  spalling  ana  poor 
adherence*  Like  glass  coatings  they  are  brittle  and  have  poor  thermal  ahook 
resistance.  Their  inherent  porosity  is  sometimes  controlled  by  the  addition  of 
a  glassy  phase.  This  of  oourse  has  an  adverse  effect  upon  some  of  the  other 
properties. 

METHODS  OF  APPLYING  PROTECTIVE  COATINGS  .'vKD  TVEIR  CHARACTERISTICS! 

There  are  many  methods  of  applying  theae  protective  coatings  to  the  molybdenum 
and  eaoh  has  its  own  advantages  and  disadvantages.  Some  of  the  coating  materials 
have  been  applied  by  several  methods.  The  method  used  depends  on  the  degree  of 
protection  needed,  shape  of  the  part,  and  service  life  expected.  The  adherenoe, 
uniformity  and  continuity  are  somewhat  dependent  upon  the  akill  used  in  applying 
the  chosen  method.  The  methods  most  commonly  used  are  electro-deposition,  flame 
spraying  or  metallising, vapor  and/or  pack  deposition,  enameling,  cladding  (roll 
or  pressure  bonding),  and  liquid  phase  deposition. 

Bifllaatotittil  fiasttnir 


Coatings  applied  by  electro-plating  have  advantages  and  disadvantages  that  are 
shown  by  the  following  listing.  (18) 


Advantages 

1.  Low  application  temperature 

2.  Controlled  thiokness 
3*  Coat  oomplex  parts 

4*  Build  up  of  multi-layer  coats 
5.  Produces  amooth  finish 


Rlaaflvurtim 

1.  Complex  procedures 

2.  forcua  coatings 

3.  Difficult  to  coat  eleotrloal  contact 
areas 
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Aluminum  over  a  ohroaium-niokel  coating  will  reive#  tha  rat*  of  oxidation.  Fowever, 
du#  to  difficulties  in  applying  a  satisfactory  baM  ooat  of  niokal  this  work  la 
limited.  (9) 

Chroaiua  has  bssc  widely  investigated  as  an  wlectroplated  coating,  Tha  adhsranoa 
of  this  ooat inf  has  bsan  good  but  oxidation  resistance  has  not  bean  raliabla 
fro*  laboratory  to  laboratory.  This  coat  in?  has  bsan  used  as  an  undarooatinf  for 
niokal  coatings.  (15)  (10)  (31)  (12) 

Niokal  is  difficult  to  electroplate  in  a  non-porous,  adherent  ooatlng.  Its 
oxidation  rasistanos  is  not  a-  good  as  chromium.  The  bast  use  of  niokal  seems 
to  b*  whan  used  over  ohroaiua.  (25) 

Tha  area  most  widely  investigated  in  electroplated  coatings  has  bean  a  doolayer 
systa*  of  ohromiua  and  nickel.  Tha  first  coat  is  chromium,  the  second  nickel. 
Chroaiu*  fits  fairly  well  to  both  tha  molybdenum  and  the  nickel,  while  tha 
nickel  protects  and  seals  the  ohromium.  This  combination  of  coatings  has  good 
ahdareno#,  ductility,  impact  and  erosion  resistance.  A  weak  point  of  the  combination 
is  the  poor  thsrmal  shock  resistance.  This  type  of  service  results  in  failure 
at  the  niokal  -  chromium  interface,  (ll)  (32) . 


Coatins  of  molybdenum  by  this  process  has  bean  investigated  by  a  number  of  lab¬ 
oratories.  Materialeused  in  powder, rod,  or  wire  form,  have  bsan  Mi  -  Or  -  B, 

Ni  -  Si  -  B,  A1  -  Cr  -  Si,  Jtl  -  31,  AIjjPj,  and  Mo  Si2.  Applied  in  this  manner 
the  coatings  are  porous  and  rough,  but  ho<nog#nous.  A  proper  diffusion  treatment 
and  finish  grinding  will  produo*  a  pore  free,  well  bonded  eoatlnp.  Limitations 
on  this  method  are  the  inability  to  coat  small  interiors,  narrow  openings,  and  revel 
recassas.  (4) 


Nickal-chroaa-boron,  and  niokal— #i  Li  con-boron  are  useful  up  to  about  2000°F. 

Tha  initial  impaet  rasistanos,  at  high  temperatures,  is  good.  Tha  thermal  shook 
rasistanos  is  fair  as  is  the  erosion  resistance.  (4)  (23) 

In  the  absence  of  mechanical  shock  and  erosion  a  flamesorayed  coating  of  Al-Cr-Sl 
offers  protection  up  to  2000°F,  Tha  adherence  is  good  and  the  ooatlng  exhibits 
a  tendency  to  be  self  hasting,  (ll) 

fUMspray  applied  refractory  oxides,  while  being  hard  and  oxidation  resistant,  era 
generally  porous  and  have  poor  adherence,  (11)  * 

lfolybdenua  disilioide  when  properly  applied  by  flam#  spraying  offers  a  good  coating. 
The  oxidation  resistance  is  good.  The  Unde  (IM5)  coating  seems  to  have  ovsrooM 

f°r  lt  wlth3tand9  lining  up  to  the  breaking  of  the 
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Coatinpa  of  ohroaium  and  silicon  oaa  ba  deposited  on  molybdenum  from  gaaaoua 
compound*.  On*  mathod  is  to  daooapoM  a  praparad  vapor  in  a  hot  chamber  in 
whleh  an  aotiva  atmosphere  flows  fraaly .  Another  syatan  is  to  peek  the  part 
in  a  powdar  and  at  an  alavatad  temperature,  pass  through  a  suitable  gas.  (21) 
Coatings  from  sithsr  system  have  good  adherence,  ara  uniform  in  thiekness  and 
will  reaoh  areas  that  are  diffiault  to  eoat  by  any  ether  issm. 


Molybdenum  disilicide  ooatinps  are  generally  l  to  3  mils  thick.  The  coating  has 
excellent  oxidation  resistance*  The  major  drawback  te  Mo3l2  is  the  extreme  brittle¬ 
ness  of  the  coating,  toy  deformation  of  the  molybdenum  will  fracture  the  coating* 
(3)  (14) 

The  paok  deposition  method  la  used  for  chromium  coating.  Initial  work  in  this 
system  showed  the  coating  to  ba  limited  to  1500°F,  but  the  latest  developments 
have  Increased  the  temperature  range.  The  Ohromailoy  Corporation  has  developed  a 
compound  called  W-2  which,  when  applied  by  the  packing  system,  gives  satisfactory 
service  at  2000 The  W-2  coating  is  hard  and  brittle,  but  will  withstand  some 
room  temperature  deformation,  and  a  greet  deal  at  2000°F. 


A  coating  with  good  finish,  and  ductility  can  be  obtained  by  oladding  molybdenum 
with  an  oxidation  resistant  material,  such  as,  platinum  or  niokel  based  alleys* 

The  molybdenum  is  enclosed  in  the  oladding  material  and  than  squeesed  at  2000®? 
under  sufficient  pressure  to  bond  the  two  systems  together.  The  principal  limitatiom 
to  this  type  of  protective  coating  is  that  it  is  limited  to  simple  shapes  and  oan 
not  be  out  or  sheared  without  exposing  unprotseted  molybdenum.  Other  limitations 
are  imposed  by  minimum  melting  temperatures,  bond  strengths  and  the  britit^^M 
of  the  Interfacial  diffusion  layers*  (7) 

offers  a  good  thermal  expansion  match  to  molybdenum  has  ductility  and  is 
oxidation  resistant .  tdttle  ie  known  about  the  diffusion  layer  which  would  be  a#* 
th?  f?^***"*  and  Also  the  rate  ef  diffueioa  of 

through  *h*  Platlnu®  asuse  interboundary  oxidation  of  the  molybdenum. 

aC  Or  h*a  ?!*n  *  oaJor  hold  UP  to  •xt*nsive  laboratory  inveetigatien 
of  platinum  as  a  protective  coating  for  nolybdama,  (29)  g  J,e" 

•?d,niok!1  ba!8d  aI1®y»  not  match  molybdenum  in  thermal  expansion.  The 
interface!  bond  produced  by  oladding  offers  fair  thermal  shook  resistanoe  before 
failure  oocurs.  The  service  life  of  a  well  applied  clad  part  is  prett/well 

S'*  of  th#  °l*8ding .  The  lnterpositioning  of  a  diffbaiam 

&ruf:*„rtrP^:ntsr1*1  - auui 

filling  xith  an  oxidation  rn.lstant 

sheared*  (7)’  ptti  1#  P^ldad  to  clad  molybdenum  that  has  been  out  or 
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METHODS  OF  APPLYING  PROTECTIVE  COATINGS  AND  THEIR  CHARACTERISTICS:  (Cont’d) 

Enamel  Coatings: 

Enamel  coatings  are  sprayed  on  and  then  fired  at  an  elevated  temperature  to  provide 
a  homogenous,  pore  free,  glassy  type  of  cover  to  the  molybdenum.  Seine  elass  means 
they  have  the  limitations  of  glass  -  no  ductility  at  low  temperatures,  but  they 
are  oxidation  and  erosion  resistant.  The  coatings  are  thicker  than  most  other 
types  and  are  limited  to  shapes  with  moderate  changes  in  contour. 

The  addition  of  a  refractory  oxide  improves  the  service  life  of  a  Glass  coating. 

A  tri-layer  system  of  glass,  a  refractory  containing  glass,  and  glass  has  given 
3/4  hour  service  at  3450°F.  (27)  (26)  The  proper  formulation  of  glass  will  pro¬ 

vide  the  viscosity  that  will  be  self  healing  and  erosion  resistant  at  the  tempera¬ 
tures  being  used. 

A  two  layer  system  of  enamel  over  chromium  is  also  serviceable  under  certain  condi¬ 
tions.  A  layer  of  class  diffused  over  a  glass  free  layer  of  chromium  gives  a 
coating  superior  to  either  coating  alone.  (28) 

Liquid  Phase  Diffused  Coating:  • 

by  immersing  the  molybdenum  part  in  a  molten  bath  of  the  coating  material,  a  pro¬ 
tective  coat  with  good  bonding  is  obtained.  The  coating  thickness  is  generally 
dependent  on  the  time  of  immersion.  Among  the  problems  of  this  method  are  the 
limits  set  by  the  contour  of  the  part  and  the  skill  required  to  obtain  a  uniform 
coating.  It  does  offer  a  good  method  to  coat  interiors  and  concealed  areas. 

Aluminum- silicon  alloys  have  been  applied  to  :iolybdenum  by  dipping.  The  protection 
obtained  has  been  unreliable,  and  is  thought  to  be  due  to  dross  inclusions.  (13) (5) 

Chromium  coatings  have  been  applied  by  a  modification  of  the  Pack  Coating  system. 

The  part  is  packed  in  chromium  powder  and  heated  to  about  3100 “F.  A  liquid  chrome- 
molybdenum  phase  envelopes  the  part  in  a  tightly  adhering,  uniform  coating.  This 
coating  is  dense  and  rich  in  chromium.  It  is  subject  to  the  same  drawbacks  as  ' 
other  chromium  coatings,  fair  oxidation  resistance,  but  with  oxide  spalling  in 
thermal  cycling  and  embrittlement  after  a  period  of  service.  (21)  (34)  (8) 


CONCLUSIONS 

A  number  of  coatings  for  the  prevention  of  the  oxidation  of  molybdenum  at  elevated 
temperature  are  now  available.  These  coatings  can  be  applied  in  a  number  of 
different  ways.  Tabic  1  from  the  report  by  Bartlett,  Ogden,  and  Jaffee  (2)  has 
listed  the  coatings,  methods  of  application,  and  possible  service  life.  Each  of 
the  available  coatings  has  a  drawback  of  some  type.  The  type  of  coating  and  method 
of  application  selected  will  be  determined  by  the  service  life  required  and  the 
part  design.  Tabic  1  will  serve  as  an  aid  in  making  a  selection,  but  the  service 
life  listed  must  be  viewed  with  caution.  Hot  enough  testing  has  been  done  tinder 
standard  controlled  conditions  to  firmly  establish  the  service  life  of  each  coating. 
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OOMCLPSIOMSi  (Coni' d) 

Before  using  any  costing  it  should  bs  tasted  under  simulated  service  conditions  in 
order  to  establish  the  service  life  and  to  evaluate  the  method  of  application 

seleoted. 


There  are  two  areas  in  which  further  work  can  be  considered. 


The  UADC  Materials  Laboratory  has  established  a  committee  to  study  all 
phases  of  the  conditions  important  to  the  service  of  protected  molybdenum 
at  elevated  temperatures.  The  oonditi  is  of  possible  service  of  nose  cones* 
leading  edges*  radons s*  exhaust  nozzles*  and  so  on*  will  be  studied.  The 
committee  is  to  establish  standards  for  all  areas  that  will  affect  the  service 
life  of  coated  parts.  Having  standards  for  testing  will  greatly  aid  industry 
in  selecting  coatings  for  various  types  of  service.  (2) 


Convair  has  the  type  of  high  temperature  testing  devices*  i.e.,  plasma  Jet 
and  rocket  motors*  which  will  be  used  by  this  UADC  committee  in  their 
evaluation  program.  If  the  UADC  Materials  Laboratory  is  granting 
contracts  for  a  standardisation  study  on  protective  coatings  for  molybdenum* 
it  would  eeem  to  be  to  Convair' s  best  interest  to  try  to  beooms  a  part  of 
the  program.  Being  part  of  the  program  would  keep  Convair  abreast  with  the 
latest  "state  of  the  art",  and  provide  an  excellent  training  for  personnel 
before  entering  into  any  private  investigation  of  protective  coatings. 


Coatings  from  the  preoious  metals  is  an  area  least  investigated.  The  eost 
might  be  considered  high  at  first  glance,  but  when  oompared  to  the  strength 
and  weight  savings  that  can  be  obtained  froa  the  use  of  molybdenum*  the 
cost  beeomes  a  smaller  factor.  The  future  development  of  nose  cones*  high 
speed  leading  edges,  ramjet  motors,  deflectors,  domes*  etc.,  will  require 
materials  that  will  have  strength  at  elevated  temperatures.  Molybdenum 
has  the  greatest  potential  of  known  materials  for  structural  application 
on  basis  of  mechanical  and  physical  properties,  in  the  temperature  range 
from  1800°P  to  about  2500°P.  : 

The  development,  of  modifications  in  the  chrome  frit  coatings  is  a  possibility 
that  should  be  investigated.  The  addition  of  refractory  materials  would  give 
at  1800^  higher  temperatures.  This  eoating  could  be  combined 
with  other  systems  as  a  second  coat.  A  metalised  coating  with  lower 
continuous  oxidation  life  oould  be  helped  by  the  ohrome  frit  covering.  Ths  • 

metalised  coating  in  turn  would  improve  the  hot  ductility  of  the  ohrome  frit 
ooatinp. 
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Fig*  1  Stress  Rupture  strength  of  molybdenum  and  three 
molybdenum-base  alloys  as  compared  to  the  13  super-strength 
alloys  Included  In  ASTM  Special  Teohnioal  Publication  Mo. 
160  "Molybdenum  and  molybdenum-base  alloys  produced  by  arc- 
casting  process  and  tested  after  mechanical  working  and 
stress  relieving."  (16) 


TESTING  TEMPERATURE  ,  *F 


(0.5) 


Fig.  2 

OXIDATION  RATE  ON  UNPROTECTED 
MOLYBDENUM  SHEET  IN  STILL  AIR 
AT  1300* F  and  1500°F  (19) 


Not*:  Figures  in  (  )  indioats 
%  of  total  oxide  which 
re  mined  on  surface 
after  oxidation. 


(11.5) 


(9.4) 


1(2.0) 
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(46^.-'-' 
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Tabls  1 

COMPARISON  OF  COATINGS  ON  MOLYBDENUM 


Continuous  Oxidation  Life (a),  hours 
Coating  1600°F  1800°F  2000 °F  2200°F  2400°F  2600°F  2800°F 


Electroplated 
Cr-Ni  (loll 
Cr,7  nil  Ni) 

1000 

350 

100 

>1 

Metallaed 
Al-Cr-Si 
(5-10  nils) 

>500 

>500 

-400 

350 

>4 

4(b) 

Metallised 
Ni-Cr-B 
(5-10  mils) 

>500 

>500 

<25 

<1 

Metallised 
Ni-Si-B 
(5-10  mils) 

>500 

1000 

<10 

<1 

Metallised 

1M-5  (5 mils) 

500 

Vapor  deposited 
Mo3i2 
(1-3  mils) 

6500 

3700 

2000 

Vapor  deposited 
Chromalloy  W-2 
(1-3  mils) 

7200 

500 

Qlad  Ni  base 
(3  ails) 

>2000 

250 

ZrO?  frit 
(1C  mils) 

70 

H 

n 

H 

Cr  frit 

^-«00 

^-4000 

*'■'3 

^5 

^5 

(10  mils) 


(a)  May  include  occasional  oyoling  for  exauai nation 

(b)  After  extensive  prediffusion 
s-s  Approximate  tine 

Nate  t  Oxidation  life  is  oonsidered  terminated  whan  nolydbeoun  tri oxide 
fhaea  are  evolved. 
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3000° F 

4(b) 

I 

I 

100 

H 

r-l 
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Tablt  1  oont'd 

COMPARISON  OF  COATINGS  ON  MOLYBDENUM 

Hot  Ductility,  or 

Thermal  3hock .  Resistance  to 


Probable 
Reliability 
Rating  (d) 

Resistance 

Failure  During 

Coating 

Cycles  (e) 

Probable 

Rating 

Balistle 

Impaot(g) 

Stress  Induced 
Deformation  (g) 

Electroplated 
Cr-Ni  (1  mil 
Cr,7mil  Ni) 

Fair 

^140 

Fair 

Good 

Fair 

Metallised 
Al-Cr-Si 
(5-10  mils) 

Good 

y^500 

Good 

Poor 

Fair 

Metallised 

Ni-Cr-B 

( i-lOmlls) 

Good 

^200 

Fair  . 

Good 

Excellent 

Metallised 
Ni-Si-B 
(5-10  mils) 

Good 

^100 

'  Fair 

Good 

Excellent 

Metallised 

LM-5 
(5  mils) 

Good(?) 

Several(f) 

Fair(? ) 

- 

Excellent 

Vapor  deposited 
MoSi2 
(1-3  mils) 

Excellent 

>100 

Good 

** 

Fair 

Vapor  deposited 
Chromalloy  W-2 
(1-3  mils) 

Good 

>30 

Good 

Good 

Clad  Ni-base 
(3  mils) 

Good 

^100 

Fair 

Good 

Good 

ZrOo  frit 
(10  mils) 

Fair 

>10 

Good 

- 

- 

Cr  frit 
(10  mils) 

Fair 

>60 

Good 

- 

Fair 

(d)  Within  part  design  lisitations  for  process 

(e)  Proa  80*7  to  400*7  and  1600*7  to  3000*7  ranges,  usually  lass  than  1  ainuts 
for  heating  or  ooollng 

(f) *  After  diffusion  trsatasnt 

(g)  At  ambient  temperature 


'S-S-4 


ANALYSIS  ff.  PAM  12 

PRIPARKOSV  Pratt  “um  elioo  "  .  REPORT  NO.  HP  58-J387 

chicked  by  Shoffter/Keller/Sutherlend  moocl  RKA  7036 

REVISED  BY  DAYS  25  Jtu»  I959 


Table  1  oont'd 


COMPARISON  OF  COATINGS  ON  MOLYBDENUM 


Temperature 

for 

Self 

Healing 

•F 

Hot  Erosion 
Resistanoe 

Minutes 

in  AI3O3  Probable 
Blast  Rating 

Faoility  of 
Adequately 
Protecting 
Corners, 
Recesses, 
Eto. 

Retention  of 
Strength  of 
Mo  alloys 
During 
Application 

Electroplated 

Cr-Ni  (1  mil 

Cr,  7  mils  Ni) 

- 

95 

Good 

Fair 

Good 

Metallised 

Al-Cr-Si 
(5-10  mils) 

>2600 

25 

Fair 

Poor 

Good 

Metallised 

Ni-Cr-B 
(5-10  mils) 

— 

60 

Fair 

Poor 

Good 

Metallised 

Ni-Si-8 
(5-10  ails) 

“ 

50 

Fair 

Poor 

Good 

Metallised 

IM-5 
(5  mils) 

2000 

* 

Good(?) 

Poor 

Good 

Vapor  deposited 
MoSi2 
(1-3  mils) 

>2800 

• 

Good 

Good 

Poor 

Vapor  deposited 
Chromalloy  W-2 
(1-3  ails) 

(some) 

Good 

Good 

Fair 

Clad  Ni  base 
(3  mils) 

- 

70 

Fair 

Poor 

Good 

Z1O2  frit 
(10  mils) 

1800(7) 

- 

Good(7) 

Fair 

Fair 

Cr  frit 

1800 

ee 

Uood(?) 

Fair 

Poor 

(10  alls) 
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